The genetic structure, diversity and phylogeography of the moss species Campylopus oerstedianus in Europe was studied, based on the ITS region of the nrDNA of nine selected European populations. Although this species is only known in sterile stage, long-distance dispersal and gene flow among populations seem to be present within Europe. High levels of genetic differentiation between the investigated Greek population and the western European populations indicate a long lasting isolation. The populations from France and Switzerland root together and supposedly have a common origin. From the French populations, the one from the Pyrenees is the most basal one and the populations in the Massif Central and the Vosges Mts can be derived from it. This indicates relatively recent dispersal of the species from the Mediterranean to the north, in spite of the lack of sporophytes and the fact that the type of the dispersed propagules and their vectors are not obvious.
Introduction
A Trans-continental disjunct range, a rather rare pattern among vascular plants, is present among many bryophytes (e.g. Schofield 1985) . Widely allopatric bryophyte species with morphologically similar populations may be genetically similar due to limited evolutionary potential or frequent gene flow by long-distance dispersal (Shaw 2001) . Alternatively, phenotypically similar and disjunct populations of bryophytes may be genetically different, a consequence of genetic isolation due to a lack of gene flow (e.g. Skotnicki et al. 2001) .
Genetic divergence of morphologically homogenous bryophytes in their area of occupancy gives interesting insights into the present distributions of bryophytes. Bryophyte phylogeographic studies can thus lead to the solution of problems such as disjoint ranges (Bischler & Boisselier-Dubayle 1997; Wyatt et al. 1997; Shaw & Allen 2000; Shaw 2001 ).
The moss genus Campylopus Brid. is assumed to be of Gondwanan origin (Frahm 1988) . Of the approximately 150 species within this genus worldwide (Frahm 1999 (Frahm , 2001 , only 13 extend their range into Europe.
The populations present in the Northern Hemisphere are either regarded as relics of warmer climate periods or neophytes in the bryofloras of North America and Europe (Frahm 1984 (Frahm , 1988 (Frahm , 2001 .
The rarest Campylopus species in Europe is Cam-pylopus oerstedianus (Müll. Hall.) Mitt., which occurs in the form of isolated patches (small "populations") at only a dozen localities. Campylopus oerstedianus grows on half-exposed rocks covered with a thin soil layer. Plants are 1-3 cm and form olive green tufts that are brighter above and brownish below, evenly foliate, tomentose. The leaves are 4-5 mm, lanceolate, gradually narrowed into a subtubulose, straight, concolorous subula; alar cells are slightly differentiated, reddish or hyaline; basal laminal cells hyaline, rectangular; distal laminal cells thickwalled, subquadrate to short-rectangular or oblique; costa filling half of the leaf width, excurrent in a short, hyaline tip, which is longer in perichaetial leaves, in transverse section showing adaxial hyalocysts and abaxial stereids in groups of 2 cells, abaxially ridged. Specialized asexual reproduction of the species as well as sporophytes is unknown. Campylopus oerstedianus has been described from Europe as C. mildei Limpr. (Limpricht 1885 (Limpricht -1903 . Plants of C. oerstedianus resemble C. pilifer in habit, however, with shorter hairpoints that are sometimes lacking in shady habitats. The plants are microscopically distinguished from C. pilifer by the slightly different shape of the distal laminal cells and the transverse section of the costa. C. oerstedianus lacks abaxial lamellae on the costa, and has smaller adaxial hyalocysts of about the diameter of the median deuter cells, and groups of abaxial stereids with only 2 instead of 4 stereid cells.
The range of C. oerstedianus extends from Costa Rica to Jamaica and North Carolina in the New World and it also occurs in Europe ( Fig. 1) (Frahm 1980 (Frahm , 1989 (Frahm , 2002 Dia 2000; Cros 2001 ). Its distribution is very scattered and suggests a circum-Tethyan range (mar-gins of the Caribbean and Mediterranean seas). The species is considered to be rare and threatened in Europe (Sérgio et al. 1994; ECCB 1995) , where it occurs in South-Eastern Switzerland, Northern Italy (7 small populations very close to each other), in the Pyrenees with few populations in Spain and France, populations in North-Eastern France (Vosges Mts) and the Massif Central and one population in Greece (Northern Chalkidiki). Recently, it has also been reported from Sicily (Dia 2000) . So hypothetically, the long-distance dispersal and/or relic survival in situ is responsible for the present range of C. oerstedianus. Its European range can be considered as scattered subatlantic-supramediterranean. The facts that all the European populations are disjunct and geographically isolated and that the species is only known in sterile condition worldwide raise several questions: 1) Are European populations relics of a former continuous range or are they the result of recent colonization from extant populations?
2) Are there significant genetic differences among the European populations / Is there any gene flow among the disjunct European populations?
3) What is the geographic distribution of different genetic structured populations? 4) What can be inferred from current genetic diversity patterns about European population history?
With the aim to face these problems, genetic struc-ture of C. oerstedianus from Europe has been studied in order to infer and give further insight into the origin of European populations, spatio-genetic pattern across Europe, as well as the need of conservation of genetically distinguished entities.
Material and methods
Since one patch of small size is presented per site, and random samples over one patch show to be genetically identical, it was assumed that one patch usually represents one clone, which were considered as isolated populations. Nine C. oerstedianus specimens (patches) from all over Europe were used for the molecular study. GenBank accession numbers and the details of collection are given in Table 1 .
Voucher specimens are deposited in the herbarium BONN.
The ITS (Internal Transcribed Spacer, consisting of ITS1 and ITS2)region of nrDNA was chosen for the molecular analysis because this region has proved useful in the differentiation of taxa at the species or at the infraspecific level (Wendel et al. 1995; Baldwin & Sanderson 1998; Baldwin & Markos 1998; Ainouche & Bayer 1999; Andreasen & Baldwin 2001) .
Prior to DNA extraction, the plant material was thoroughly cleaned with distilled water. Success of cleaning was checked by examining the plants under a dissecting microscope. Remaining contaminants of algae, fungi, etc. were removed mechanically. DNA was isolated from silica dried fresh material mainly following Doyle & Doyle (1990) . PCR amplification (Biometra TriBlock thermocycler, PTC-100 or PTC-200 MJ Research) was performed in 50 µL reactions containing 1.5U Taq DNA polymerase (Qiagen), 1mM dNTPs-Mix each 0.25 mM (Roth), 1 × buffer (Qiagen), 1.5-2.6Mm MgCl2 (Qiagen) and 12.5 pmol of each amplification primer. PCR products were purified using the QIAquick purification kit (Qiagen). For cycle sequencing, half reactions were prepared using the ABI Prism Big Dye Terminator Cycle Sequencing Ready Reaction Kit with Amplitaq-DNA polymerase FS (Perkin-Elmer), applying a standard protocol for all reactions. Extension products were precipitated with 40 µL 75% (v/v) isopropanol for 15 min at room temperature, centrifuged at 15 000 rpm and washed two times with 250 µL of 75% (v/v) isopropanol. All products were sequenced using two primers in DNA Sequencing Facility, University of Maine, USA.
For amplifying and sequencing the ITS region, the primers ITS4 and ITS5 [forward ITS 5bryo (5'-GGAAGGA GAAGTCGTAACAAGG-3') and reverse ITS 4bryo (5'-GCAATTCACACTACGTATCGC-3')] originally designed by White et al. (1990) were used. The entire ITS region was amplified using a protocol consisting of 5 min 94 • C, 35 cycles (1 min 94 • C, 1 min 48 • C and 1 min 72 • C) and 4 min 72 • C extension time following completion. Cycle sequencing was performed using the following program: 25 cycles (30s 96 • C, 15s 50 • C and 4 min 60 • C).
Calculation of molecular trees was performed with PAUP 4.0b10 (Swofford 2002) . All characters were equally weighted and unordered. Multistate characters were interpreted as uncertain and gaps were coded as missing data. Heuristic bootstrap searches were preformed with 1000 replicates, 100 random additions per bootstrap replicate. The data were analysed using maximum parsimony and neighbour-joining on the manually aligned dataset. Two accessions form the GenBank database and were used as out- groups: Pilopogon guadalupensis (AF444112) and P. laevis (AF444139).
Results
The combined length of the ITS1-5.8S rRNA-ITS2 region was 871 to 959 base pairs (bp). The shortest sequence was the one from the Greek population (871 bp) and the longest one that from the French -Haute Loire population (959 bp). The ITS1 region is variable with a few indels but not so much in range (from 400 bp in Greek population to 417 in Swiss-Ticino population). The 5.8S rRNA gene had a constant length of 158 bp in all accessions. The ITS2 region (partial) was less variable in length in comparison with the ITS1 region.
The alignment had a total length of 1189 bases. Of the aligned sequences, 1128 positions were constant, 39 characters were variable and parsimony uninformative and 27 were parsimony informative. Gaps were excluded from further analysis.
The Greek population has the lowest similarity to all the others (73.2-79.2%), while the greatest similarity was found between two Pyrenees populations (91.8%) and two Vosges populations (93.6%). GC content in examined sequences is stabile (48.16-48.91%). The Maximum parsimony tree (Fig. 2) shows similar grouping pattern to the one shown in neighbour-joining tree. The geographical structure of studied European populations is in accordance with trees obtained. Three different genotypes are present, where the Greek one is clearly separated and isolated from the others. The populations in Switzerland are connected to the French populations, but are of different genotype and in separate branch of both MP and NJ trees. Besides, French populations from the Massif Central and the Vosges Mts. root together and have the same genotypes.
Discussion
The calculated MP and NJ molecular trees support the idea that there is no genetic exchange among populations of C. oerstedianus in Europe. The population in Northern Greece forms a separate clade, which implicates a long period of genetic isolation from the rest of the European populations.
The populations in the Southern Alps are connected to the western European populations but form a separate branch. A possible explanation of this pattern is that recent European populations represent local remains of an ancient continuous range.
Due to the sterility of the species, the populations remained separated. In this case, the genetic distances between the populations should be similar. However, the fact that French populations from the Massif Central and the Vosges Mts. root together and belong to the same genotype, indicate a common origin and clearly show a phylogeographic relationship. Therefore, it could be possible that these populations are derived from the plants in the Pyrenees and have reached the Massif Central and the Vosges Mts. by longdistance dispersal. Due to the sterility of the species, long-distance dispersal can only take place via vegetative propagules. Since, according to our observations, this mainly occurs by means of detached stem and leaf tips, our results would reveal the potential for longdistance dispersal by relatively large diaspores. This is supported by the fact that the populations in Central and North Eastern France are along the route of the prevailing SW-winds (Frahm 2002) .
Long-distance dispersal in bryophytes may be mediated by wind, storms, water flows and other means (Muńoz et al. 2004) . Although long-distance migration has generally been considered rare (Nathan 2001) , generating controversy in the case of species with highly disjunct distributions, recent research emphasizes its importance and indicates that it has to be involved in the explanation of the present distribution of bryophytes (Sabovljević et al. 2005 (Sabovljević et al. , 2006 .
For instance, several studies suggest that longdistance dispersal of spores may be more common than previously assumed (James et al. 2001; Skotnicki et al. 2001; McDaniel & Shaw 2003) . However, empirical estimates of central parameters, such as rates of migration and colonization are still lacking (Husband & Barrett 1996) . In addition, long-distance dispersal has mainly been associated to spores (Mogensen 1981; Bremer & Ott 1990; Miles & Longton 1992) and little is known about the role of asexual propagules in this process. However, some authors suggest gametophyte fragments (Miller & Ambrose 1976; During 1997; McDaniel & Miller 2000) or specialized asexual propagules (Kimmerer 1994) to be responsible for long-distance dispersal in relatively smaller scale.
Unfortunately, in the case of Campylopus oerstedianus, it is not possible to determine the time, when this dispersal happened. Assuming that the separation of the Swiss and French populations happened as a result of the last Ice Age, the dispersal to the North may have taken place in the postglacial period, perhaps during the postglacial climatic optimum 8000 yrs. BC. However, it is also possible that the separation of the populations in the Pyrenees and the Southern Alps happened already earlier. In this case, the spreading to Central and North-Eastern France could also have happened earlier, perhaps even before the last Ice Age.
According to our molecular data, the populations in the Pyrenees and in Northern Greece can be considered as the oldest ones. The "p" distance analyses of selected population support the MP and NJ trees.
C. oerstedianus in Europe is considered as threatened. However, its conservation status is uncertain due to lack of knowledge of both its range and biology. Based on the small size and scattered occurrence of its populations, as well as its genetic diversity, its IUCN protection status at the European level should be endangered (EN). However, based on the present results and some personal observations on French populations, no special protection measures are proposed, considering that despite their small size and isolated state, the populations have the potential of spreading. The Greek population probably needs particular consideration due to its genetic distinctness from all other European populations. Until new insights into the biology of the species are available (e.g. checking whether sexuality exists, sexual structure of populations, way and means of spreading, effectiveness/success of asexual propagules) passive conservation measures (e.g. bryophyte microreserves), and active monitoring of eventual changes in the size of its known populations are considered to be sufficient.
